Degenerative diseases of organs lead to their impaired function. The cellular and molecular mechanisms underlying organ degeneration are therefore of great research and clinical interest but are currently incompletely characterized. Here, using a forward-genetic screen for genes regulating liver development and function in zebrafish, we identified a cq5 mutant that exhibited a liver-degeneration phenotype at 5 days postfertilization, the developmental stage at which a functional liver develops. Positional cloning revealed that the liver degeneration was caused by a single point mutation in the gene zc3h8 (zinc finger CCCH-type containing 8), changing a highly conserved histidine to glutamine at position 353 of the Zc3h8 protein. The zc3h8 mutationinduced liver degeneration in the mutant was accompanied by reduced proliferation, increased apoptosis, and macrophage phagocytosis of hepatocytes. Transcriptional profile analyses revealed up-regulation and activation of both proinflammatory cytokines and the NF-B signaling pathway in the zc3h8 mutant. Suppression of NF-B signaling activity efficiently rescued the proinflammatory cytokine response, as well as the inflammation-mediated liver degeneration phenotype of the mutant. Of note, the zc3h8 mutation-induced degeneration of several other organs, including the gut and exocrine pancreas, indicating that Zc3h8 is a general repressor of inflammation in zebrafish. Collectively, our findings demonstrate that Zc3h8 maintains organ homeostasis by inhibiting the NF-B-mediated inflammatory response in zebrafish and that Zc3h8 dysfunction causes degeneration of multiple organs, including the liver, gut, and pancreas.
Degenerative diseases of organs lead to their impaired function. The cellular and molecular mechanisms underlying organ degeneration are therefore of great research and clinical interest but are currently incompletely characterized. Here, using a forward-genetic screen for genes regulating liver development and function in zebrafish, we identified a cq5 mutant that exhibited a liver-degeneration phenotype at 5 days postfertilization, the developmental stage at which a functional liver develops. Positional cloning revealed that the liver degeneration was caused by a single point mutation in the gene zc3h8 (zinc finger CCCH-type containing 8), changing a highly conserved histidine to glutamine at position 353 of the Zc3h8 protein. The zc3h8 mutationinduced liver degeneration in the mutant was accompanied by reduced proliferation, increased apoptosis, and macrophage phagocytosis of hepatocytes. Transcriptional profile analyses revealed up-regulation and activation of both proinflammatory cytokines and the NF-B signaling pathway in the zc3h8 mutant. Suppression of NF-B signaling activity efficiently rescued the proinflammatory cytokine response, as well as the inflammation-mediated liver degeneration phenotype of the mutant. Of note, the zc3h8 mutation-induced degeneration of several other organs, including the gut and exocrine pancreas, indicating that Zc3h8 is a general repressor of inflammation in zebrafish. Collectively, our findings demonstrate that Zc3h8 maintains organ homeostasis by inhibiting the NF-B-mediated inflammatory response in zebrafish and that Zc3h8 dysfunction causes degeneration of multiple organs, including the liver, gut, and pancreas.
The liver is a crucial digestive organ with a central role in metabolic homeostasis. Hepatocytes constitute the majority of the liver and perform several critical functions, including the production of bile, storage of glycogen, detoxification, and regulation of blood homeostasis (1) (2) (3) . Degenerative diseases involve a continuous process of cell degeneration, which affects tissue or organ function, with increasing deterioration occurring over time. Nonreversible damage to liver function results in the death of the affected organism. Thus, a better understanding of the molecular mechanisms involved in liver degeneration is essential for the development of novel drug therapies and cures for these diseases.
Inflammation is triggered by microbial pathogens or danger signals derived from the host. The receptors of antigen-presenting cells sense microbial products (4) and endogenous signals released by damaged cells (5) , leading to their activation, and subsequently initiate an inflammatory response. Previous studies (6, 7) have shown that inflammation is a major cause of most chronic liver diseases, and inhibition of the activation of inflammasomes (multiprotein complexes that recognize danger signals from damaged cells and pathogens (8) ) could ameliorate inflammation-related diseases. The transcription factor NF-B is a major factor that mediates and regulates the expression of many genes involved in inflammation (9) . Inactive NF-B is located in the cytoplasm. Once it becomes phosphorylated and activated, it translocates to the nucleus, where it binds to the promoters of specific target genes and can up-regulate the transcription of cytokines and chemokines.
Zebrafish have been recognized as a powerful model organism for the study of liver development and regeneration because of their embryological and genetic advantages (10 -14) . In this study, we used forward genetic screening to identify genes that regulate liver development and regeneration in zebrafish. Interestingly, we found that the cq5 mutant exhibited severe liver degeneration defects at later stages of development (after 5 days postfertilization (dpf)) 2 and a shorter life span. Positional cloning revealed that the zinc finger protein Zc3h8 (zinc finger CCCH-type containing 8) was mutated and contributed to the cq5 mutant degenerative phenotype. Further analysis showed that liver degeneration in the cq5 mutant was accompanied by a proinflammatory response and activation of the NF-B pathway, whose inhibition efficiently rescued hepatocyte degeneration in the mutant. These findings suggest a repressor role of Zc3h8 in liver homeostasis during the inflammatory response in zebrafish and may provide a new avenue for research on and treatment of degenerative diseases in humans.
Results

The cq5 mutant exhibits liver degeneration
Abnormal liver development of the cq5 mutant was identified in a zebrafish N-ethyl-N-nitrosourea forward genetic screen under the Tg(fabp10a:Dendra2-NTR) cq1 background (10) for genes regulating liver development and regeneration. Homozygous cq5 mutants did not show any observable phenotype before 4 dpf (Fig. 1, A, AЈ , B, and BЈ) but exhibited a large amount of unabsorbed yolk at 5 dpf (Fig. 1, C and CЈ) . Survival curves showed that the survival rate of the mutants decreased dramatically from 6 dpf on, with all the mutants dead at 13 dpf (Fig. 1E) .
At 4 dpf, the liver of the mutant remained normal (Fig. 1, F  and FЈ) . From 4 to 5 dpf, although the mutant liver continued growing, its outgrowth rate was slower than the WT fish (Fig. 1,  F , FЈ, G, and GЈ). The cq5 mutant subsequently exhibited degeneration of hepatocytes (Fig. 1, H, HЈ, I , and IЈ), displaying a one-third volume of the WT liver at 8 dpf (Fig. 1J ). These results demonstrate that mutation of the cq5 mutation is ineffective to the early liver development but does impair liver growth and homeostasis, thus leading to liver degeneration after 4 dpf.
The cq5 mutant phenotypes are caused by the mutation of zc3h8 encoding a CCCH-type zinc finger protein Positional cloning identified that the mutation was localized in three candidate genes, fbln7, zc3h8, and itga9, flanked by the markers 1006 and 1023 on the linkage group 13 (LG13) (Fig. S1,  A and B) . Through sequence analyses of these three candidate cDNAs, we identified a single point mutation in zc3h8 ( Fig. 2A) . This C-to-G transition generated an amino acid switch from histidine to glutamine at position 353 ( Fig. 2A) . ZC3H8 is a member of the CCCH-type zinc finger-containing protein family (15, 16) , which exhibit broadly reported functions in maintaining the physiological metabolism of organisms (17) (18) (19) (20) (21) (22) . Collectively, the results of synteny analyses and homologous protein sequence alignment of Zc3h8 in different species (Fig.  S1 , B and C) revealed that the proteins in all species contained three conserved CCCH-type functional domains, and the mutated histidine in the cq5 mutant was evolutionarily conserved (Fig. 2B) .
To validate that the cq5 liver degeneration phenotype was caused by the zc3h8 mutation, we generated a Tg(hsp70l:HAzc3h8-T2A-mCherry) cq43 transgenic line (hereafter referred to as hs:zc3h8) (Fig. S2A) , which permitted visualization of red fluorescence after heat shock. Heat shock-induced overexpression of Zc3h8 in the cq5 mutant efficiently rescued the degenerated liver at 6.5 dpf (Fig. S2, B and C) . Furthermore, hepatocyte-specific replenishment of WT Zc3h8 using the Tg(fabp10a:HA-zc3h8-T2A-mCherry) cq44 (referred to as fabp10a:zc3h8) transgenic background also efficiently rescued the degenerated liver in the cq5 and cq5 mutant (n ϭ 18) embryos were imaged from 3 to 6.5 dpf; unabsorbed yolk is indicated by black arrowheads. E, cumulative survival of cq5 mutant larvae (n ϭ 21) and WT siblings (n ϭ 42). p Ͻ 0.001 by the log-rank Mantel-Cox test. F-I and FЈ-IЈ, the cq5 mutants showed significant liver degeneration (57 of 59), as normalized to the WT (62 of 62). Scale bar, 50 m. J, the relative fold change of liver size was measured in WT (n ϭ 12) and mutant (n ϭ 7) larvae from 4 to 8 dpf. Liver volume was measured with Imaris software and normalized to the liver size of WT larvae at 4 dpf. The error bars represent S.E. ***, p Ͻ 0.001 by Student's t test.
Roles of Zc3h8 in digestive organ degeneration mutant (Fig. S2, D-H) . These results confirm that the liver phenotypes of the cq5 mutant caused by the zc3h8 mutation.
Further confirmation was carried out using the transcription activator-like effector nuclease (TALEN) technology (23) to generate a zc3h8 mutant. Exon 7 was selected as the target of TALEN nuclease, where the cq5 mutation is located (Fig. S3A) . Two independent zc3h8 mutant alleles were generated. One allele harbored a 3-bp deletion and a 8-bp insertion (referred to as zc3h8ins cq45 ), leading to disrupted protein sequence from amino acid 351 and a premature stop codon at amino acid 382. The other allele harbored a 10-bp deletion (referred to as zc3h8⌬10 cq46 ), leading to disrupted protein sequence from amino acid 351 and a premature stop codon at amino acid 377 (Fig. S3, B and C) . Both zc3h8ins5 cq45 and zc3h8⌬10 cq46 showed liver degeneration at 6.5 dpf, similar to the cq5 mutant (Fig. S3, 
D-G).
These data validate that the liver degeneration phenotype of cq5 mutant is caused by the zc3h8 mutation.
To determine whether the histidine to glutamine switch of Zc3h8 affects the protein stability, the heat shock promoterdriven HA-zc3h8H353Q-T2A-mCherry plasmid that contained the same mutation as the cq5 mutant, as well as the WT HA-zc3h8-T2A-mCherry plasmid, were generated. Similar expression levels of the WT and mutated proteins (Fig. 2C ) indicated that the point mutation was ineffective to protein stability of Zc3h8. In situ hybridization and qPCR of zc3h8 showed strong expressions in the brain and eyes and relatively weak expressions in the digestive system at 96 hpf (Fig. 2, D 
-F).
Fluorescent in situ hybridizations (FISHs) confirmed the expression of zc3h8 in hepatocytes (Fig. 2G ). These data indicate that zc3h8 is required for the maintenance of liver homeostasis. 
Zc3h8 mutant liver degeneration is accompanied by reduced proliferation and increased apoptosis of hepatocytes
The balance of cell proliferation and apoptosis affects tissue development and determines organ size (24) . Many previously reported mutants exhibiting smaller livers show low proliferation of hepatocytes (25) (26) (27) . To determine whether the liver-degenerative phenotype of the cq5 mutant was the result of abnormal cell proliferation or not, EdU incorporation ratios were analyzed. The proliferation rates of mutant hepatocytes remained similar to the control at 4.5 dpf (Fig. 3 , A, AЈ, AЉ, B, BЈ, and BЉ) but were significantly reduced at 5.5 dpf (Fig. 3, C 
, CЈ, D, DЉ, and K).
Macrophages play important roles in inflammation, recognition, and phagocytosis of apoptotic cells, as well as tissue repair and regeneration (28) . To investigate roles of macrophages in the liver degeneration process, the Tg(fabp10a:mCherry-NTR) cq2 and Tg(mpeg1:EGFP) transgenic backgrounds were applied. Macrophage recruitment to the mutant liver and engulfment of hepatocytes became observed at 5 dpf (Fig. 3 , E, . Scale bars, 50 m. K, quantification of EdU-labeled hepatocytes in the zc3h8 mutant and the WT at 4.5 dpf (n ϭ 5, n ϭ 9) and 5.5 dpf (n ϭ 8, n ϭ 8). The error bars indicate S.D. N.S. represents no significance. ***, p Ͻ 0.001 by Student's t test. L, quantification of macrophages engulfing degenerated hepatocytes in zc3h8 mutant and WT larvae at 5 dpf (n ϭ 10, n ϭ 10) and 6.5 dpf (n ϭ 9, n ϭ 10). The error bars indicate S.D. ***p Ͻ 0.001 by Student's t test. M, quantification of TUNEL-positive hepatocytes in zc3h8 mutant and WT (n ϭ 12) larvae at 5.5 dpf. The error bars indicate S.D. ***, p Ͻ 0.001 by Student's t test.
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EЈ, F, and FЈ), which were significantly increased at 6.5 dpf (Fig.  3, G, GЈ, H, HЈ, and L) . TUNEL assays showed that apoptotic hepatocytes significantly increased in the mutant at 5.5 dpf (Fig.  3, I , IЈ, IЉ, J, JЈ, JЉ, and M). These data suggest that liver degeneration in the cq5 mutant is contributed by both of the decreased hepatocyte proliferation and increased hepatocyte apoptosis.
Blockade of inflammation and NF-B signaling rescue liver degeneration in the mutant
To explore the regulatory molecules and signaling pathways involved in mutant liver degeneration, we dissected the liver and sorted the Dendra2-positive hepatocytes at two different stages (middle stage at 5.5 dpf and late stage at 7.5 dpf) using the Tg(fabp10a:Dendra2-NTR) cq1 transgenic background (Fig.  4A) . Transcriptional profile analyses revealed up-regulation of inflammation-related molecules in the mutant hepatocytes at both middle and late degenerative stages (Fig. 4B) . qPCRs verified that expressions of hepatocyte-specific markers (f2, tfa, and ttr) significantly decreased in the zc3h8 mutant (Fig. 4C) , whereas expressions of inflammation-related genes increased at both 5.5 and 7.5 dpf (Fig. 4D ). These data demonstrated activation of inflammatory responses in the mutant. Treatment of ani-inflammatory drug dexamethasone (Dex) from 4 to 6 dpf partially rescued liver degeneration in the mutant (Fig. 4, E-H) , suggesting the inflammatory response as one of the inducers of liver degeneration.
NF-B plays important roles in innate and adaptive responses, inflammation, proliferation, and cellular differentiation (29 -31) . Inactive NF-B is located in the cytoplasm. Once it is phosphorylated and activated, NF-B translocates into the nucleus and up-regulates the transcription of cytokines and chemokines (32, 33) . To investigate whether the inflammation-induced liver degeneration is mediated by the NF-B activities, expressions of the active NF-B components nfkbiaa and nfkbiab were first analyzed. Transcriptional activations of nfkbiaa and nfkbiab were undetectable at 4.5 dpf but became significantly increased at 5.5 dpf (Fig. 5, A, AЈ, B , BЈ, C, CЈ, D, and DЈ). To obtain additional evidences for the increased presence of activated NF-B in degenerating hepatocytes, immunostainings of the active NF-B component, phosphorylated p65 (S276-p65), were performed. Although the hepatic S276-p65 signals in the mutant at 4 dpf remained similar to the WT, nuclear accumulation of S276-p65 steadily increased from 4 to 6 dpf in the mutant liver (Fig. S4, A-F and AЈ-FЈ, and Fig. 5,  G and GЈ) . Because the number of apoptotic hepatocytes remained unchanged in the mutant at 4.5 dpf (Fig. S4, G-M) , activation of the NF-B signaling occurred prior to the hepatocyte apoptosis in the mutant.
Blockade of NF-B signaling using a chemical inhibitor JSH-23 (34) reduced the nuclear accumulation of S276-p65 (Fig. 5, F-H and FЈ-HЈ) , resulting in partial rescue of degenerated liver and even full rescue of the increased hepatocyte apoptosis in the mutant (Figs. 5, I-M, and 6, A-E) . The reduced proliferation of mutant hepatocytes was not rescued by the treatment of JSH-23 (Fig. 6, F-J) . JSH-23 treatment was ineffective to the activation of NF-B component nfkbiaa in the mutant (Fig. 7, C, CЈ, D, and DЈ) . However, activations of il1b and mpx at 6.5 dpf in the mutant were efficiently repressed by the JSH-23 (Fig. 7, G, GЈ, H, HЈ, K, KЈ, L, and LЈ) . These data indicate that the NF-B-mediated inflammation acts as one of the inducers of liver degeneration caused by zc3h8 deficiency.
Zc3h8 acts as a general inflammation repressor primarily through NF-B signaling
Activations of nfkbiaa and nfkbiab were also observed in the gut of the cq5 mutant (Fig. 5, BЈ and DЈ) , implicating that the degeneration phenotype is not only restricted to the liver. Expressions of digestive organ markers (fabp10a, insulin, trypsin, and ifabp) indicated normal liver, pancreas, and gut at 3 dpf (Fig. S5A) . At 4 dpf, expressions of trypsin and ifabp started to become weaker in the mutant than in the WT (Fig. S5B) . Applications of the Tg(mpeg1:EGFP), Tg(cdh17:EGFP), and Tg(p48:GFP) transgenic backgrounds revealed degenerations of gut and exocrine pancreas from 5 to 7 dpf (Fig. S5, C, D, E-EЉ,  F-FЉ, G-GЉ, and H-HЉ) . The degenerated pancreas was partially rescued by the treatment of Dex or JSH-23 (Fig. S6, A and  B) , suggesting that degenerations of other digestive organs caused by zc3h8 deficiency involve mechanisms similar to liver degeneration. To investigate whether Zc3h8 could act as a general repressor of inflammation, we microinjected Escherichia coli into the circulation at 2 dpf to induce the inflammatory response (35) . qPCR analysis indicated that the highly expressed proinflammatory cytokines were partially rescued by Zc3h8 overexpression (Fig. S6C) , suggesting Zc3h8 as a general repressor of inflammation.
Discussion
Declining organ function is a common disease (36, 37) , and research on this topic has important implications for human health. CCCH-type zinc finger proteins are important members of the zinc finger family proteins (18, 22, 38) . Many previous studies on these proteins have been limited to mammals, and almost no studies have described the functions of CCCHtype zinc finger proteins or the phenotypes of mutants in zebrafish. This report is the first to identify a liver defect-related mutant, cq5, harboring a mutation in zc3h8, which encodes a typical zinc finger protein containing three conserved CCCHtype domains. This mutation resulted in degeneration of the zebrafish liver, gut, and pancreas. Further investigation revealed roles of Zc3h8 in maintaining hepatocyte metabolism through inhibition of proinflammatory responses in zebrafish.
To determine the function of the zc3h8 gene in zebrafish, the results of systemic gene analysis and homologous protein sequence alignment were evaluated, which indicated that zc3h8 of fish may exhibit the conserved functions of zc3h6 and zc3h8 in mammals (humans and mice). However, no clear function has been reported for zc3h6 in humans and mice. Another homologous gene of zc3h8 in mice (fetal liver zinc-finger protein 1, Fliz1) has been reported to be expressed in the fetal mouse liver (39) and plays a role in regulating thymocyte homeostasis (40) . Additionally, overexpression of fliz1 represses the expression of gata3 (GATA-binding protein 3) (41) . However, the expression of gata3 does not differ between WT and zc3h8-overexpressing zebrafish (data not shown). This observation indicates that zc3h8 of zebrafish may have a different function than fliz1 in the mouse. 
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All CCCH-type zinc finger proteins function through the characteristic CCCH zinc finger domain. The cq5 mutation site is located in the second CCCH zinc finger domain, where an amino acid coding change from histidine to glutamine occurs. We produced two lines of TALEN-induced knockout fish, zc3h8ins5 cq45 and zc3h8⌬10 cq46 (not containing the third CCCH zinc finger domain-truncated proteins), both of which showed the same degeneration phenotype as the cq5 mutant. Although we did not determine the molecules that could directly bind to the CCCH domain, these results suggest the importance of the second and third CCCH zinc finger domains for the function of the Zc3h8 protein.
In our analysis of the mutant phenotype, we noted that cq5 mutant larvae exhibited gradual digestive organ loss and degradation after 4 dpf, especially for the liver. However, the expression levels of organ markers and morphological phenotypes before 4 dpf were comparable between the mutant and WT larvae. The relatively stable expression of zc3h8 in hepatocytes demonstrated by FISH analysis could likely explain the degenerative phenotype observed in the mutant liver, and hepatocyte specific expression of Zc3h8 could absolutely rescue the liver defect of zc3h8 mutant (Figs. S2, D-H, S7E) and partly reduce the proinflammatory response (Fig. S7, F-H) . Although the other defect phenotypes of gut, pancreas, retina, swim bladder, and brain not rescued by the liver overexpression Zc3h8 (Fig.  S7, A-D) , this indicated that the degeneration process of the mutant hepatocytes was autonomous and independent of the other type cells induced.
Our transcriptome analysis revealed that NF-B signaling and inflammatory cytokines were both up-regulated during 
liver degeneration. This finding is consistent with previous studies showing that NF-B signaling-mediated inflammatory responses are important for liver homeostasis and wound healing (42) (43) (44) (45) . At the RNA level, in situ hybridization of NF-B component genes and qPCR analysis of inflammatory cytokine levels showed increased expression of NF-B signaling-related genes and inflammatory cytokines in the degenerated mutant liver. At the protein level, the results of antibody staining for phosphorylated p65 (RelA) combined with treatment using inhibitors indicated that blocking the NF-B signal or inflammatory response could rescue the mutant phenotype. Further confirming the Zc3h8 role as a repressor of inflammatory response, bacteria-induced inflammatory model was established, and its high expression of inflammation cytokines could be partially rescued by the overexpression of Zc3h8 (Fig. S6C) . These observations are consistent with studies analyzing other CCCH-type zinc finger proteins, such as TTP (18, 21, 22, 46) . In summary, although the zc3h8 mutant exhibited the nonliver specific abnormal phenotype, but our results indicated the degeneration process and mechanism in the liver were similar with the other digestive organs. Our work reveals that Zc3h8 plays important roles in maintaining digestive organs homeostasis, and mutation of this gene causes their degeneration. Mechanistically, this degeneration process depends on the NF-B pathway and related inflammatory responses. This study expands our understanding of CCCH-type zinc finger protein function in protecting digestive system cells including the hepatocytes from degeneration and maintaining organ development in zebrafish and provides new insight for future research and the development of degenerative organ disease therapeutics.
Experimental procedures
Ethics statement
All experimental protocols were approved by the School of Life Sciences, Southwest University (Chongqing, China), and the experiments were carried out in accordance with the approved guidelines. The zebrafish facility and study were approved by the Institutional Review Board of Southwest University (Chongqing, China). Zebrafish were maintained in 
Zebrafish lines and embryo culture
Adult fish and embryos were raised and maintained under standard laboratory conditions according to Institutional Animal Care and Use Committee protocols. They were staged as previously described (47) . The following transgenic lines were used: Tg(fabp10a:Dendra2-NTR) cq1 , Tg(fabp10a:mCherry-NTR) cq2 , Tg(sox17:GFP) s870 , Tg(p48:GFP), Tg(cdh17:EGPF), and Tg(mpeg1:EGFP). Fish embryos were treated with 0.003% 1-phenyl-2-thiourea (Sigma-Aldrich) from 24 hpf to inhibit pigmentation.
Positional cloning of the cq5 mutation gene
Heterozygous cq5 fish were crossed with the polymorphic line SJD to generate the mapping population. A total of 240 Red arrowheads point to the liver, and the arrows point to the intestine. E-L and EЈ-LЈ, whole-mount in situ hybridization of proinflammatory cytokines (il1b and mpx) in WT and zc3h8 mutant larvae at 5.5 and 6.5 dpf after pretreatment with DMSO or JSH-23. Red arrowheads point to the liver, and the black arrows point to the intestine.
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SSLP (simple sequence length polymorphism) Luo lab Z markers were used in bulked segregant analysis. The amplification reactions of positional cloning were performed with 2ϫ Taq Master Mix (Novoprotein, Shanghai, China). SSLP markers z6657 and z30283 from chromosome 13 were found to be linked to the cq5 mutation. After testing 560 mutant embryos, the location of the cq5 mutation was further narrowed to between z55656 (14 recombinants) and z30283 (47 recombinants). New SSLP markers were designed. Two markers, 1006 and 1023, identified three and two recombinants, respectively, within genomic DNA fragments of 0.31 million bp, containing three genes (fbln7, zc3h8 and itga9). The mutant genotype was determined by sequencing the PCR fragment containing the mutated bases.
Zc3h8 TALEN assembly, targeting, and allele analysis
A TALEN targeting zc3h8 exon7 was designed using TAL effector Nucleotide Targeter 2.0 (TALE-NT 2.0) (48) and was assembled using the modified Golden TALEN scaffold (49) . After mixing the pair of target-site TALEN mRNAs, a final concentration of ϳ150 -200 pg was injected into one-cell-stage Tg(fabp10a:Dendra2-NTR) cq1 WT embryos. Genomic DNA was subsequently extracted from the embryos, and the PCR products were sequenced. The primers used for amplification of the zc3h8 exon7 are listed in Table 1 ; a 524-bp DNA fragment containing the mutant target site was amplified via PCR and sequenced. After the embryos were grown to maturity, they were outcrossed to identify F1 progeny in which infidelity during repair by nonhomologous end joining introduced indels at the cleavage site that could disrupt the zc3h8 reading frame.
Construction of the zc3h8-overexpressing transgenic plasmid and lines
To generate the Tg(hsp70l:HA-zc3h8-T2A-mCherry) cq43 and Tg(fabp10a:HA-zc3h8-T2A-mCherry) cq44 transgenic lines of zebrafish, we first constructed the transgenic hsp70l:HA-zc3h8-T2A-mCherry plasmid (Fig. S8A ). An HA-tag-encoding sequence was incorporated into the forward primer ( Table 1) . The full-length cDNA of zebrafish zc3h8 (XM_682645) was amplified from 24-hpf ABGO cDNA using high-fidelity Prime STAR DNA polymerase (TaKaRa, Shiga, Japan), and the PCR products were cloned into the pGEM-T easy vector (Promega, Madison, WI) to generate pGEMT-HA-zc3h8. Positive clones were subsequently picked and sequenced. Next, we amplified fragments with no mutations in the HA-zc3h8 fragment and inserted them into the pDsRed2-vector, which had a Kanaresistant backbone, to generate pDsRed2-HA-zc3h8 by replacing DsRed2 via NheI/NotI digestion. We separately amplified the left and right arms (ϳ500 bp) of the HA-zc3h8 fragment from the pGEMT-HA-zc3h8 and T2A-mcherry fragments from the pLentilox3.7 shRNA GFP vector plasmid. Two cycles of overlapping PCR were performed to generate HA-zc3h8 arm-T2A-mcherry, which was then cloned into the hsp70l:Cre plasmid after the excision of Cre with BamHI/NotI. Recombineering was accomplished via the following steps. We transformed a mixture of plasmid pDsRed-HA-zc3h8 with linearized hsp70l: HA-zc3h8 arm-T2A-mcherry fragments into electrocompetent SW102 cells, which can produce the recombinase used for the recombination reaction, to generate hsp70l:HA-zc3h8-T2A-mcherry. The HA-zc3h8-T2A-mcherry fragment was cloned into fabp10a:Dendra2NTR plasmid after excision of Dendra2NTR with NheI/NotI to generate fabp10a: HA-zc3h8-T2A-mcherry. The plasmids were coinjected with I-SceI meganuclease into one-cell stage WT embryos as previously described (50) . Acceptable adult founders were isolated and propagated. The plasmid carrying heat shock promoter-driven hsp70l:HAzc3h8H353Q-T2A-mcherry was mutated similarly to the cq5 mutant via site-directed mutagenesis as previously described (51) .
Whole-mount in situ hybridization, fluorescent in situ hybridization, and antibody staining
Whole-mount in situ hybridization and fluorescent in situ hybridization were performed as previously described (12) . Probes for the insulin, fabp2, fabp10a, mpx, il1b, nfkbiaa, nfkbiab, and zc3h8 transcripts were generated from linearized plasmids (insulin, fabp2, fabp10a, trypsin, mpx, and il1b) and PCR products (nfkbiaa, nfkbiab, and zc3h8) using the digoxigenin RNA labeling kit (Roche Applied Science). Primers for trypsin (52) were designed based on the available data. The embryos were imaged using a Zeiss microscope (SteREO DiscoveryV20) equipped with Axio Vision Rel 4.8.2 software. Antibody staining was performed as previously described (10) using the following antibodies: anti-Dendra2 (1:100; Evrogen, Moscow, Russia), anti-GFP (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), S276-p65 (1:100; Abcam, Cambridge, MA), 2F11 (1:1000; Abcam, Cambridge, MA), and mCherry (1:100; Abcam, Cambridge, MA). ZEN2010 software equipped on an LSM780 confocal microscope (Carl Zeiss) was used for the imaging of antibody-stained larvae.
EdU staining and TUNEL assays
The EdU and TUNEL assays were performed as previously described (10) .
Western blotting assays
Western blotting assays were performed as previously described (12) . The hsp70l:HA-zc3h8-T2A-mCherry and hsp70l:HA-zc3h8H353Q-T2A-mCherry plasmids were injected into WT embryos, and the mCherry-positive cells detectable at 54 hpf were sorted by FACS for Western blotting analysis. Quantification of the Western blotting densitometry band was analyzed by ImageJ software.
Heat shock and chemical inhibitor treatment
For the induction of Zc3h8 overexpression from Tg(hsp70l: HA-zc3h8-T2A-mCherry) cq43 , embryos were placed in culture medium and then transferred to a 38.5°C water bath for 35 min at the indicated stage. Larvae at 4 dpf were incubated with 15 mg/liter dexamethasone (Sangon Biotech, Shanghai, China) in the egg water for 2 consecutive days, and dexamethasone supplementation was performed every 24 h. Control larvae were incubated in egg water containing methanol (same volume as Dex). Larvae at 4 dpf were incubated with JSH-23 (5 M; Selleck Chemicals, Houston, TX) in the egg water from 4 to 6 dpf, with the water being changed every 24 h. Control larvae were incubated in egg water containing DMSO (Sangon Biotech, Shanghai, China) (same volume as JSH-23).
Cell sorting, transcriptome sequencing, and quantitative realtime PCR
Approximately 150 -200 transgenic Tg(fabp10a:Dendra2-NTR) cq1 larvae at 5.5 or 7.5 dpf were dissected, and their hepatocytes were then dissociated and sorted as previously described (12) . The Dendra2-positive hepatocytes separated from the control or sample groups were subjected to transcriptome sequencing and analysis by the Annoroad Gene Technology Company. Quantitative real-time PCR was performed for hepatocyte markers (f2, tfa, and ttr) and proinflammatory cytokines (ccl20, il1b, il6, li8, mmp9 , mpx, tnfa, and tnfb) using Fast-Start Universal SYBR Green Master Mix (Roche) following the manufacturer's protocols, and their levels were normalized to that of ␤-actin. The primers used for these analyses are listed in Table 1 .
E. coli-induced inflammation assays
The E. coli-induced inflammatory response assay was performed as previously described (35) .
Quantification and statistical analysis
The liver volume of confocal Z-stack images was measured by Imaris version 9.0.2 for Windows. All statistical tests were performed with GraphPad Prism version 7.0 for Windows (GraphPad Software). The data were analyzed with Student's t test, and multiple comparisons performed with analysis of variance tests were used to determine statistical significance. Statistical significance was defined as p Ͻ 0.05 (*), p Ͻ 0.01 (**), and p Ͻ 0.001 (***).
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